Recently, the discovery of room-temperature superconductivity (SC) was experimentally realized in the fcc phase of LaH10 under megabar pressure. Specifically, the isotope effect of Tc was measured by the replacement of hydrogen (H) with deuterium (D), demonstrating a driving role of phonons in the observed room-temperature SC. Herein, based on the first-principles calculations within the harmonic approximation, we reveal that (i) the identical electron-phonon coupling constants of fcc LaH10 and LaD10 decrease monotonously with increasing pressure and (ii) the isotope effect of Tc is nearly proportional to M −α (M : ionic mass) with α ≈ 0.454, irrespective of pressure. The predicted value of α agrees well with the experimental one (α = 0.46) measured at around 150 GPa. Thus, our findings provide a theoretical confirmation of the conventional electron-phonon coupling mechanism in a newly discovered room-temperature superconductor of compressed LaH10.
I. Introduction
Ever since the first discovery of superconductivity (SC) in 1911 [1] , the realization of room-temperature SC has been the holy grail of physics. Based on the Bardeen-Cooper-Schrieffer (BCS) theory [2] , Neil Ashcroft [3] proposed that the metallic hydrogen formed under high pressures over ∼400 GPa [4, 5] would be an ideal candidate for room-temperature SC. In order to achieve the metallization of hydrogen lattices at relatively lower pressures attainable in the diamond anvil cells [6, 7] , many binary hydrides have been theoretically searched [8] [9] [10] [11] [12] [13] [14] [15] [16] . Due to the chemical pre-compression, such hydrides can have high superconducting transition temperatures T c at relatively lower pressures. For instance, theoretically predicted [9, 17] and then experimentally realized cubic structure of hydrogen sulfide H 3 S with a crystalline symmetry of the space group Im3m exhibits SC with a T c of ∼203 K at a pressure of 155 GPa [18, 19] . Furthermore, the pairing mechanism of SC in H 3 S is associated with conventional electron-phonon interaction because the measurements of T c for H 3 S and its deuterium counterpart D 3 S showed a strong isotope effect: i.e., T c of D 3 S shifts towards a lower temperature [18] . megabar pressures and measured a T c between 250 and 260 K at a pressure of ∼170 GPa [20, 21] . This record of T c is the highest among so far experimentally available superconducting materials [18, [22] [23] [24] , which will bring a new era of high-T c SC. The x-ray diffraction and optical studies of lanthanum hydrides showed the existence of fcc lattice at ∼170 GPa upon heating to ∼1000 K [25] , consistent with the earlier predicted metallic fcc phase of LaH 10 having cages of 32 H atoms surrounding a La atom [11, 12] . To reveal the underlying mechanism of the observed room-temperature SC in fcc LaH 10 , a pronounced isotope shift was measured by the substitution of deuterium for hydrogen, thereby providing a direct evidence of the conventional phonon-mediated pairing mechanism [21] . Based on the relation of T c ∝ M −α [26] , where M is ionic mass, the isotope coefficient α can be estimated. According to the experimental data of T c = 249 (180) K for fcc LaH 10 (fcc LaD 10 ) at a pressure of ∼150 GPa [21] , the estimated value of α amounts to 0.46, close to that (α ≈ 0.5) obtained from the BCS theory [2] .
In this paper, using first-principles density-functional theory (DFT) calculations within the harmonic approximation, we investigate the isotope effect of fcc LaH 10 and fcc LaD 10 as a function of pressure. We find that the electron-phonon coupling (EPC) constant λ, which is invariant with respect to the H isotope substitution, decreases with increasing pressure as 2.38, 1.82, and 1.54 at 250, 300, and 350 GPa, respectively. By solving the Eliashberg equations, T c of LaH 10 (LaD 10 ) decreases almost linearly as 225 (169), 214 (155), 195 (142) K at 250, 300, and 350 GPa, respectively. As a result, the isotope coefficient is estimated to be ∼0.454, irrespective of pressure. This estimated value is in good agreement with the experimental measurement [21] of α = 0.46 at around 150 GPa. Therefore, our first-principles calculations strongly support a conventional electron-phonon coupling mechanism in the observed room-temperature SC of fcc LaH 10 .
II. Theoretical model and computational methods
All the numerical calculations were performed using the DFT as implemented in the Quantum Espresso software package [27, 28] . The ultrasoft pseudopotentials were used for all atoms and the exchange-correlation energy was described by the Perde-Burke-Ernzerhof (PBE) functional based on the generalized gradient approximation (GGA). To obtain the optimized geometry of lanthanum hydride systems at high pressure, the atomic positions and cell vectors (lattice constants may be better?) were fully relaxed by using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) quasi-Newton algorithm [29] up to the convergence criteria of less than 10 −10 Ry and 10 −8 kbar for total energy and pressure, respectively. On the basis of convergence tests, the kinetic energy cutoff for the wave functions and charge density were taken as 80 Ry and 1000 Ry, respectively. For self-consistent calculations, the 24 × 24 × 24 k-points meshes were used. Phonon spectra and electron-phonon interactions were calculated using the density functional perturbation theory [30] . Here, the first Brillouin zone was sampled using the 6 × 6 × 6 q-point meshes and the denser 36 × 36 × 36 k-point meshes, respectively.
The thermodynamic properties of superconducting states in compressed LaH 10 and LaD 10 are obtained by solving the Eliashberg equations with the superconducting order parameter function ϕ n = ϕ (iω n ) and the electron mass renormalization function Z n = Z (iω n ). The set of Eliashberg equations defined on the imaginaryfrequency axis gives the following forms [31, 32] :
where the electron-phonon interaction pairing kernel is given by:
Hence, the superconducting order parameter is defined by the ratio ∆ n = ϕ n /Z n . The effective screened Coulomb repulsion constant µ was chosen in the range of 0.1 − 0.2, which can be adjusted with the comparison of the measured T c [33, 34] . The Heaviside step function θ is determined by a frequency cutoff ω c = 3 eV , which is typically ten times larger than the maximum phonon frequency. The value of β is given by β = 1/k B T , where k B is the Boltzmann constant. The Eliashberg spectral function α 2 F (ω), which is the main input element to the Eliashberg equations, is defined as:
with
where N (ε F ), γ qν , and g qν (k, i, j) are the density of states at the Fermi energy ε F , the phonon linewidth, and the electron-phonon matrix element, respectively. The integrated EPC constant λ(ω) is obtained by the integration of α 2 F (ω):
where the total EPC constant is calculated as λ(ω → ∞). The Eliashberg equations are solved iteratively in a self-consistent way with a maximal error of 10 −10 between two successive iterations. The convergence and precision are controlled by using the sufficiently high number (M f = 1100) of Matsubara frequencies: ω n = (π/β) (2n − 1), where n = 0, ±1, ±2, . . . , ±M f . For further details about the implementation and derivation of the methods adopted herein, see the references [35] [36] [37] .
III. Results and discussion
We first determine the geometry of fcc LaH 10 in the pressure range of 250 − 350 GPa using the first-principles DFT calculations. The calculated pressure-volume data show the nearly linear reduction of volume with a slope of dV/dp = −0.029Å 3 /GPa, where we obtain 28.484, 26 .891, and 25.564Å 3 at 250, 300, and 350 GPa, respectively. Figure 1(a) compares the calculated electronic band structures of fcc LaH 10 at 250, 300, and 350 GPa, whereas their corresponding densities of states around ε F are displayed in Fig. 1(b) . It is seen that the dispersions of the bands around ε F change very little with respect to pressure. Consequently, the pressure dependence of the density of states (DOS) at ε F is minor, compared to those at the energy regions away from the ε F . The present results of electronic band structure and DOS with respect to pressure agree well with those obtained using the Vienna ab initio simulation package with the projector augmented-wave method [38] . As shown in Fig.  1(b) , the DOS at ε F reaches 0.83 − 0.86 states/eV in the range of 250 − 350 GPa, which are comparable with that (0.63 − 0.90 states/eV) of compressed H 3 S having a T c of ∼203 K at 155 GPa [39, 40] . It is thus likely that both compressed LaH 10 and H 3 S with high DOS at ε F would be equally expected to have high-T c SC, as observed by experiments [18] [19] [20] [21] . We note that the electronic band structure of fcc LaD 10 is identical to that of fcc LaH 10 because of the same Kohn-Sham effective potentials in both systems. GPa, respectively, together with the overlap of the corresponding results for fcc LaD 10 . For each structure, there are no imaginary phonon frequencies, indicating that fcc LaH 10 and LaD 10 are dynamically stable in the pressure range between 250 and 350 GPa. In Fig. 2(d) , we plot the phonon DOS projected onto La and H atoms at 250 and 350 GPa. We find that the acoustic phonon modes with lower frequencies below ∼45 meV arise from La atoms, which are well separated from the optical phonon modes of H or D atoms. It is noticeable that the Dderived optical phonon modes shift towards lower frequencies, relative to the corresponding H-derived modes. For instances, at 250, 300, and 350 GPa, the lowest optical modes at the Γ point shift from 109.44, 118.36, and 123.12 meV in LaH 10 to 77.52, 83.44, and 86.93 meV in LaD 10 , respectively. Thus, we can say that the frequencies of the H-and D-derived optical phonon modes are nearly inversely proportional to the square root of ionic mass, as discussed below. Figure 3 shows the results of Eliashberg function α 2 F (ω) and integrated EPC constant λ(ω) as a function of phonon frequency, calculated at 250, 300, and 350 GPa. We find that the La-derived acoustical phonon modes contribute to only about 11% of the total λ. This result indicates that H atoms play a dominant role in contributing to electron-phonon coupling, which in turn gives rise to a room-temperature SC in fcc LaH 10 . The calculated total λ values of LaH 10 and LaD 10 are equally as 2.38, 1.82, and 1.54 at 250, 300, and 350 GPa, respectively. Interestingly, as pressure increases, the total λ decreases monotonously, consistent with the decrease of T c measured by a recent experiment of fcc LaH 10 [21] . Because of such large EPC constants larger than 1, we adopt the Eliashberg theory to understand the properties of superconducting state through conventional EPC mechanism.
We calculate the temperature dependence of the superconducting energy gap ∆ by solving the Eliashberg equations on the imaginary-and real-frequency axes [32] . Figure 4 shows the calculated ∆ vs temperature curves at 250, 300, and 350 GPa, together with the real and imaginary parts of ∆ (ω, T = 0) as a function of frequency. Based on these data, we estimate T c , ∆ (0), and the uni- Table I . We find that at 250 GPa, T c is estimated as high as 269 and 191 K for LaH 10 and LaD 10 , respectively. Further, T c is found to decrease almost linearly with increasing pressure, reaching 237 K (for LaH 10 ) and 170 K (LaD 10 ) at 350 GPa. As shown in Table I , the larger the value of λ, the higher is the 2∆ (0) /k B T C ratio. Moreover, 2∆ (0) /k B T C considerably exceeds the universal value of 3.53 predicted by the BCS theory [2] , which reflects the strong EPC and retardation effects in fcc LaH 10 and LaD 10 .
In Fig. 5 , we compare the calculated T c vs pressure results with the experimental data. In the case of LaH 10 , the open black circles represent the experimentally observed T c [21] , while the yellow ribbon shows the extrapolation of the observed T c vs pressure values. Due to the difficulty in the synthesis of fcc LaD 10 , there was only one experimental data of T c measured at 150 GPa (see a red open circle in Fig. 5 ) [21] . It is noteworthy that for LaH 10 , the estimated T c decreases almost linearly with increasing pressure, irrespective of the chosen µ * values of 0.1, 0.15, and 0.2. This linear variation of T c with respect to pressure is consistent with the extrapolated experimental data. Interestingly, we emphasize that H 3 S and H 3 S 1−x P x mixture [41, 42] also exhibited similar behavior of T c decrease with increasing pressure between 150 and 350 GPa. As shown in Fig. 5 , the calculated T c vs pressure relation with µ * = 0.2 is in better agreement with the measurements (see the black dashed line). For LaD 10 , there was only one experimental data at 150 GPa, which can be well extrapolated by our results obtained using µ * = 0.2 (see the red dashed line in Fig.  5 ). The present theory and previous experimental data showing that T c varies with the isotopic mass provide a strong evidence for the interaction between the electrons and lattice vibrations [43] [44] [45] . We further analyze the isotope effect of T c in terms of the isotope coefficient (α), which is given by the following relation:
Here [M ] H and [M ] D are the atomic mass of hydrogen and deuterium, respectively. As shown in Table II , the α value ranges between 0.439 and 0.458, which are smaller than the BCS value (α ≈ 0.5). Moreover, on the basis of only one available experimental data of T c for LaH 10 (249 K) and LaD 10 (180 K) at a pressure of ∼150 GPa, the α value can be estimated as 0.46, in good agreement with our estimated average isotope effect coefficient α = 0.454. 
IV. Conclusions
We have performed the comprehensive first-principles DFT calculations of the electronic and phonon properties of lanthanum hydride and deuteride at high pressures. We found that fcc LaH 10 and LaD 10 phases not only dynamically stabilize in the range of 250 − 350 GPa, but also have the strong EPC and the high DOS at the Fermi level which are favorable for high-T c SC. By solving the Eliashberg equations, T c of LaH 10 (LaD 10 ) decreases almost linearly as 225 (169), 214 (155), 195 (142) K at 250, 300, and 350 GPa, respectively. As a result, the isotope coefficient is estimated to be ∼0.454, irrespective of pressure. Therefore, our findings strongly support a conventional electron-phonon coupling mechanism in the observed room-temperature superconductivity of fcc LaH 10 . We believe that these results are of importance for understanding the phenomenon of superconducting state in fcc LaH 10 , which will be useful for future more experimental measurements of isotope effect.
